Background: Intraoperative monitoring with brainstem auditory evoked responses (BAER) provides an early warning signal of potential neurological injury and may avert tissue damage to the auditory pathway or brainstem. Unexplained loss of the BAER signal in the operating room may present a dilemma to the neurosurgeon. Methods: This paper documents two patients who displayed a unique mechanism of suppression of the BAER apparent within minutes following dural opening for resection of a posterior fossa meningioma. Results: In two patients with anterior cerebellopontine angle and clival meningiomas, there was a significant deterioration of the BAER soon after durotomy but prior to cerebellar retraction and tumor removal. Intracranial structures in the posterior fossa lying between the tumor and dural opening were shifted posteriorly after durotomy. Conclusion: We hypothesized that the cochlear nerve and vessels entering the acoustic meatus were compressed or stretched when subjected to tissue shift. This movement caused cochlear nerve dysfunction that resulted in BAER suppression. BAER was partially restored after the tumor was decompressed, dura repaired, and bone replaced. BAER was not suppressed following durotomy for removal of a meningioma lying posterior to the cochlear complex. Insight into the mechanisms of durotomy-induced BAER inhibition would allay the neurosurgeon's anxiety during the operation.
INTRODUCTION
Intraoperative monitoring provides early warning signals of potential danger that enable the surgeon to avoid neural damage. Brainstem auditory evoked responses (BAER) depicts the transmission of electrical activity of the auditory pathway from the cochlea to the inferior colliculus. BAER has been used to monitor neurological function in several neurosurgical operations such as microvascular decompression for trigeminal/glossopharyngeal neuralgia, hemifacial spasm, and resection of benign cerebellopontine angle or clival tumors.
causes of signal changes including: (i) Decreased core temperature, [7, 18, 23] (ii) masking the auditory stimulus by the sound of bone drilling, (iii) noisy electrical background, (iv) dislodgement of the auditory stimulators, and (v) the collection of fluid between the stimulator and inner ear. [10] However, BAER have been reported and widely believed to be unchanged in the presence of drugs used for induction and maintenance of general anesthesia. [2] Following the exclusion of biological and technical factors, any alterations of BAER signals are related to irritation and/or damage of the anatomical pathway related to hearing. [7, 17, 18] Accurate interpretation of electrophysiological changes intraoperatively is crucial, particularly with respect to differentiating false negative and false positive responses. [20, 24] Following the onset of abnormal BAER, the initial challenge is to identify changes arising from either technical or biological causes. Abnormal BAER responses are not invariably permanent, however, may be temporary due to cochlear nerve stretching during cerebellar retraction, [11, 19] cochlear ischemia caused by systemic hypotension, cold irrigation, or arterial kink. [23] The need to immediately recognize and correct the causes of early BAER changes is critical to avoid permanent neurological deficits. [13] The identification of such findings is based on ruling out and/or correcting systemic physiological changes, which requires a close collaboration between neuromonitoring technicians, the surgeon, and the anesthesiologist.
We report two patients harboring posterior fossa meningiomas lying anterior to the cochlear nerve in whom the BAER was suppressed within a short time after durotomy and cerebrospinal fluid (CSF) drainage. We hypothesize that the durotomy induced structural shifts that resulted in cochlear ischemia caused by direct kinking or stretching of the cochlear nerve or its arterial supply. An additional patient is also reported in whom the tumor was located posterior to the cochlear nerve. This patient did not display BAER depression following durotomy. Thus, BAER inhibition was dependent on tumor location. Prompt exclusion of potential systemic and anesthetic factors that may cause BAER suppression and a clear recognition of the novel cause described in this report will minimize the neurosurgeon's concern that a serious neurological event has occurred and allow the operation to proceed with assurance.
CASE REPORTS

Case #1
A 49-year-old female (height: 5′11′′; weight: 230 pounds; body mass index [BMI]: 32.1) presented with right facial numbness and slight difficulty with mastication and swallowing. Examination demonstrated decreased sensation to touch in her right V1 and V2 distributions as well as decreased hearing from the right ear. The magnetic resonance imaging (MRI) scan revealed a 1.4 × 2.7 × 1.7 cm right cerebellopontine angle (CPA) tumor with clival extension and anterior indentation of the pons that lay anterior to the internal auditory meatus [ Figure 1a ]. A craniotomy was created with bone removal flush with the transverse and sigmoid sinuses and inferiorly to the foramen magnum. When mastoid air cells in bone were exposed, bone wax was applied to avoid seepage of blood into the middle ear. This avoided BAER suppression due to conduction deficits by preventing blood from entering the middle ear. There were no air cells exposed after dura was opened, so there was no chance of CSF The surgical pathology demonstrated a World Health Organization (WHO) grade I meningioma. A postoperative MRI scan revealed a small amount of residual tumor in the anterior aspect of Meckel's cave that was not recognized intraoperatively. At the patient's 3-week postoperative visit, she complained of headaches, nausea, and vomiting. There was also increased numbness and tingling of the right side of her face. When hearing was tested several weeks postoperatively, it was unchanged compared with preoperatively. A computed tomography (CT) scan revealed ventriculomegaly and transependymal absorption of CSF and, therefore, the patient underwent placement of a ventriculoperitoneal shunt.
Case #2
A 33-year-old male (height: 5′9′′; weight: 219 pounds; BMI: 32.3) presented with unstable gait and the sensation of heaviness and numbness of his feet. He also complained of paresthesias of the right occipital scalp. Examination revealed gait ataxia with a tendency to lean to the right and a positive Romberg sign. Hearing was intact bilaterally. MRI revealed a 2. Figure 2b ]. A depression of BAER recordings became apparent during the 14 min following dural opening manifested by latency of peak I being delayed by >10%, total loss of waves II, III and IV, however, wave V was preserved (Figure 2b: traces 2-4) . Explanation of BAER suppression at this point of the operation was not apparent and, therefore, an extensive evaluation of physiologic causes was performed. Twenty minutes after dural opening, with no other explanation for the BAER suppression identified, cerebellar retractors were inserted and the operation progressed. Resection of the fibrous meningioma was technically difficult with frequent intraoperative warnings of BAER suppression. The permanent loss of wave V was likely secondary to damage to the brainstem during surgical resection. The risk of permanent brainstem damage prompted the surgeon to abort the operation before a complete tumor resection was attained. After the dura was repaired, BAER latency responses partially recovered, especially wave peak I. Peak I had returned to normal in latency and amplitude soon after the bone flap substitute was placed (Figure 2b :
Removal of the cerebellar retractors may have led to some improvement of the BAER. However, since BAER suppression occurred prior to retractor insertion, some return of function may be related to decreased angulation or improved blood supply to the cochlear nerve. BAER on the left served as controls and did not change throughout the entire operation.
The tumor was a WHO grade I meningioma. A postoperative MRI scan demonstrated resection of >50% of the tumor that decreased the mass effect on the pons. The patient developed a right 6 th nerve palsy postoperatively that was treated with ocular therapy. Facial nerve function remained intact, and hearing was unchanged compared with preoperatively. However, there was minimally decreased hearing from the right ear.
Case #3
A 60-year-old female (height: 5′3′′; weight: 120 pounds; BMI: 23.23) with right CPA meningioma was compared with the two previous patients. This patient described a several month history of episodic posterior occipital headaches as well as neck pain. The MRI scan revealed a 2.9 × 3.2 × 3.6 cm tumor lying adjacent to the right sigmoid sinus, posterior to the internal auditory meatus (IAM) [ Figure 1c ]. Hearing was intact bilaterally. Figure 2c ]. Although the amplitude of the BAER waves were slightly lower on the side of the retromeatal meningioma (even at baseline), these changes were likely caused by mild extrinsic pressure on the cochlear nerve on the side of the tumor. However, following durotomy BAER responses were not further suppressed, nor were there any changes in the BAER latencies or amplitudes soon after dural opening.
The tumor arose from the sigmoid sinus. The surgeon considered the surgery to be a gross total removal.
The pathology was a WHO grade I meningioma. A postoperative MRI scan demonstrated a near complete resection, with only a minimal degree of enhancement observed along the sigmoid sinus. There was also evidence of a heterogeneous attenuation of the right cerebellum indicating a cerebellar infarct and hydrocephalus. The patient was managed with a ventricular drain and rehabilitation. There was no hearing loss postoperatively.
DISCUSSION
BAER is used to monitor auditory pathways intraoperatively from the cochlear nerve to the inferior colliculus. [3, 10, 20] Baseline BAER in our patients was intact preoperatively due to the gradual adaptation of cochlear function during the tumor expansion. In Cases 1 and 2 the meningiomas were located anterior to the cochlear nerve complex so that dural opening caused displacement of posterior fossa structures including the cochlear nerve that was pushed against the posterior margin of the IAM. An alternative but less likely mechanism may be suppression of BAER caused by vascular compression (internal auditory artery or loop of the anterior inferior cerebellar arteries) inducing partial ischemia of the auditory pathway [21] [ Figure 3a ]. These hypotheses are supported by partial BAER recovery after dural closure and bone flap replacement. [12] Furthermore, the BAER was unaffected following durotomy in Case 3 when the meningioma was situated posterior to the internal auditory meatus [ Figure 3b ]. Cases 1 and 2 were obese (BMI > 32). ICP is elevated in obese patients, particularly when they are placed in a semiprone position due to gravity. [9] Excessive ICP elevation in the obese patient and lateral head fixation may enhance structural shifts that cause BAER deterioration following durotomy. [8, 9, 15, 16] BAER is used to monitor auditory nerve and brainstem function clinically [1, 4, 5, [13] [14] [15] [16] [22] [23] [24] and experimentally. [11, 19] BAER monitoring helps the surgeon avoid potential irreversible tissue damage. Alterations in BAER response have been associated with ICP elevation and dural opening during surgery for Chiari I malformations with improvement occurring after dural repair. [22, 25] This report is the first to describe BAER suppression induced by durotomy causing structural shifts that are not caused by systemic effects or direct surgical manipulation of the acoustic structures. Waves I and II are generated from the proximal and distal cochlear nerve. In Cases 1 and 2, there was considerable suppression of wave I soon after durotomy, suggesting that the site of pathology was at the cochlear nerve. Insofar as there was no direct brainstem pressure or distortion induced by dural opening, it is unreasonable to imply that later waves (II-V) might be the primary site of damage. However, incomplete recovery of the later waves in Case 2 was presumably caused by concomitant intraoperative brainstem damage.
We have described two patients with meningiomas located anterior to the IAM who demonstrated BAER suppression soon after durotomy and prior to direct surgical manipulation of the cochlear nerve complex. Instead of being alarmed or aborting surgery prior to tumor resection, neurosurgeons must be aware of this mechanism of "unexplained" BAER suppression and should continue the operation without delay.
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